Abstract. Human-induced excess nitrogen outflowing from land through rivers to oceans has resulted in serious impacts on terrestrial and coastal ecosystems. Oceania, which occupies < 2.5 % of the global land surface, delivers 12 % of the freshwater and dissolved materials to the ocean on a global scale. However, there are few empirical data sets on riverine dissolved inorganic nitrogen (DIN) fluxes in the region, and their dynamics are poorly understood. In this study, a river monitoring network covering different types of land uses and population densities was implemented to investigate the mechanism of DIN export. The results show that DIN concentration/yield varied from ∼ 20 µM / ∼ 300 kg-N km −2 yr −1 to ∼ 378 µM / ∼ 10 000 kg-N km −2 yr −1 from the relatively pristine headwaters to the populous estuary. Agriculture and population density control DIN export in less densely populated regions and urban areas, respectively, and runoff controls DIN at the watershed scale. Compared to documented estimates from global models, the observed DIN export from the Danshui River is 2.3 times larger, which results from the region-specific response of DIN yield to dense population and abundant runoff. The dominating DIN species change gradually from NO − 3 in the headwaters (∼ 97 %) to NH + 4 in the estuary (∼ 60 %) following the urbanization gradient. The prominent existence of NH + 4 is probably the result of the anaerobic water body and short residence time, unlike in large river basins. Given the analogous watershed characteristics of the Danshui River to the rivers in Oceania, our study could serve as a first example to examine riverine DIN fluxes in Oceania.
Introduction
Nitrogen, a vital element in living organisms, plays a critical role in controlling primary production in the biosphere. Along with fossil fuel combustion to meet the food demand of mankind, human activities have greatly increased the amount of actively cycling nitrogen during the past decades (Galloway and Cowling, 2002; Galloway et al., 2004; Boyer et al., 2006; Seitzinger et al., 2010) . Added anthropogenic reactive nitrogen enters drainage basins through atmospheric deposition, the direct application of nitrogenous fertilizer, land use changes and sewage . Consequently, excess nitrogen discharged from land to oceans has resulted in seasonal coastal hypoxia, harmful algal blooms, and decreased fishery production in ecosystems (Howarth et al., 1996; Rabalais, 1996; Jickells, 1998; Boesch, 2002; Turner et al., 2003; Galloway et al., 2004; Duan et al., 2007; Conley et al., 2009; Billen and Garnier, 2007; Diaz and Rosenberg, 2008) . However, most current knowledge about dissolved inorganic nitrogen (DIN = NH + 4 +NO − 3 +NO − 2 ) export has derived from larger river systems in developed countries of Europe and North America; much less attention has been paid to developing countries in Oceania in the tropical western Pacific Ocean. Oceania is surrounded by stratified oligotrophic water with limited bio-available nutrients, particularly nitrogenous nutrients (Jiao et al., 2007; Martha and Kristen, 2012) .
Oceania, composed of numerous high-standing islands with mountainous watersheds, experiences active tectonics and extremely high soil erosion rates (Milliman and Syvit- 
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ski, 1992; Kao and Milliman, 2008) . Annually, ∼ 27 tropical cyclones (typhoons) pass through this region, bringing torrential rainfall which triggers flushing floods (Webster et al., 2005; Tu and Chou, 2013) . Collectively, Oceania discharges 6.8 Gt of sediment annually to the ocean (∼ 40 % of the global total), even though these islands account for less than 2.5 % of the global land area (Milliman and Farnsworth, 2013) . In addition, Oceania rivers deliver ∼ 12 % of global fresh water and dissolved solids to the ocean Milliman and Farnsworth, 2013) , underscoring the potential importance of DIN discharge. The DIN export from Oceania was predicted to increase by more than 10 % by 2030 compared to the 1995 level due to urbanization, sanitation, the development of sewer systems, and lagging wastewater treatment (Seitzinger et al., 2002; Bouwman et al., 2005) . Although global models have demonstrated Oceania to be a hot spot of global DIN export, no intensive network of DIN monitoring exists or has ever been implemented or documented for Oceania rivers. A previous study that monitored the DIN in headwater catchments of Taiwan determined that global models are likely to underestimate nitrogen yields for rivers in Oceania (Lee et al., 2013) . To better project future DIN discharge from global land surfaces, data from subtropical small watersheds are required.
Countries in Oceania including the Philippines, Indonesia and Papua New Guinea are all in a stage of fast development. Taiwan has geographic and climatic features similar to the islands of Oceania, i.e., high precipitation, steep slopes, small basin areas, and frequent flood events (Milliman et al., 1999; Milliman and Farnsworth, 2013) . Moreover, the rugged terrain of these islands offers limited space to accommodate towns and agricultural lands; thus, cities are all located at downstream flood plains and tillage is often inevitably located on steep slopes (Huang et al., 2012b) . With these hydrological and geomorphological similarities, Taiwanese rivers have long been considered analogous to the rivers of Oceania Liu, 2000, 2002; Kao et al., 2005; Lee et al., 2013) . Because of their short water residence times in the watershed, high flow velocities and soil erosion rates, we also expect the controlling factors for DIN export, speciation and dynamics over the river continuum to differ from those of large rivers.
Taiwan, a small island, holds 23 million people on an island of ∼ 36 000 km 2 (i.e. ∼ 638 cap km −2 , one of the most densely populated countries in the world). Wastewater disposal from the capital city Taipei in the downstream of the Danshui River along with agricultural activities in the upstream have had a significant biogeochemical influence on the river continuum (Wen et al., 2008) . In this paper, we investigated the DIN speciation and fluxes in the Danshui River network, where different types of human alteration increase from upstream to downstream. The observed DIN exports were correlated to runoff, land use and population and further compared with global data sets. The objectives of this study are: (1) to explore the factors governing DIN export and spe- ciation; and (2) to construct a practical equation for DIN discharge in mountainous watersheds. The results may provide a scientific background for stream restoration and nutrient mitigation in Oceania rivers.
Materials and methods

Danshui watershed
The Danshui River, the third largest river in Taiwan, originates from Mt Pin-Tian (3529 m a.s.l.) and has a drainage area of 2,726 km 2 (Fig. 1) . It drains through the capital city, Taipei, at the downstream flood plain. Taipei has 5.7 million people living in an area of 376 km 2 (i.e. 15 200 cap km −2 ). The annual precipitation is approximately 2500-4000 mm yr −1 , and the annual mean temperature is approximately 22 • C. Three major tributaries, the Dahan (D), Singdian (S) and Keelung (K) Rivers, merge to the east of Taipei City (Huang et al., 2012a) . Among the three major tributaries, the Dahan River, which drains from south to north, is the longest with a stream length of 135 km. The Shihmen reservoir in the middle of the Dahan River is one of the most important hydrologic constructions for irriga-T.-Y. Lee et al.: Speciation and dynamics of dissolved inorganic nitrogen export tion, hydroelectric power, water supply and flood prevention in Taiwan. It serves a 365 km 2 irrigation area and 1.8 million people. The Feitsui reservoir is another reservoir that is located in the middle reach of the Singdian River; it was designed to provide the drinking water supply for Taipei city, and the upstream of this reservoir is thus legally preserved. For the entire Danshui watershed, forest is the dominant land use, although its proportion gradually decreases from ∼ 97 % in the upstream to ∼ 75 % in the downstream due to the expansion of human-associated land uses (Table 1). Correspondingly, population density increases from ∼ 10 cap km −2 at the headwaters to ∼ 2000 cap km −2 in the downstream and reaches a maximum in the district of Taipei City.
Discharge, land use and population data
In Taiwan, the Water Resource Agency (WRA) is responsible for monitoring river discharge. River discharge is estimated by substituting consecutive water levels into the individual rating curve, which is calibrated by field measurements every year. There are 10 flow gauges in the Danshui watershed. For the sampling sites without flow gauges, the daily discharges can be derived from the area proportion of the adjacent gauges (Kao et al., 2004; Lee et al., 2013 terms of population density and land use composition). Such spatially intensive monitoring in the river network provides a great opportunity to distinguish the effects of urbanization on DIN flux and speciation. Water samples were collected at different frequencies covering both the dry (November-March) and wet (April-October) seasons. The number of samples taken at each site is shown in Table 2 . Water samples were immediately filtered through GF / F filters (0.7 µm) after collection. The filtrates were quickfrozen in liquid nitrogen for water chemistry analyses. Nitrate, nitrite and ammonium content were determined by ion chromatography (IC) using a Dionex ICS-1500 instrument with detection limits of 0.2, 0.2, and 0.4 µM, respectively. The reported DIN denotes the summation of nitrate, nitrite and ammonium concentrations. Dissolved oxygen (DO) was measured in situ using an HI9828 probe produced by Hanna Instruments with an accuracy of 3 µM.
Flux calculation
In this study, four commonly used methods -linear interpolation (LI), global mean (GM), flow weighted (FW) and the rating curve (RC) method -were applied to estimate the individual DIN fluxes of the 20 sites. Each of the four methods, which have been widely discussed in previous studies, have specific advantages, although no single method is universally suitable for all watersheds (Ferguson, 1987; Preston et al., 1988; Moatar and Meybeck, 2005; Birgand et al., 2010) . To prevent subjective or arbitrary choices, the four method-derived fluxes at each site were then averaged and normalized by drainage area to represent flux and yield, respectively. Please refer to the Supplementary Information for details.
Results
Spatial distribution of DIN
The DIN speciations and concentrations for the 20 sampling sites are listed in Table 2 . In the Dahan tributary, the annual mean concentration ranges from 21 µM in the upstream (D13) to 378 µM in the downstream (EPA1907), showing a downstream increasing trend. With only two exceptions (D13 in the upstream and D03 in the downstream), the mean DIN concentrations in the wet season are lower than those in the dry season.
In the Keelung tributary, the annual mean DIN concentration is ∼ 24 µM at the upstream sites and increases to above 96 µM from K02 toward the downstream. The DIN concentration reaches a maximum of 284 µM in EPA1905 and is slightly moderated to 272 µM at EPA1906 within the tidal excursion distance. In this tributary, most of the DIN concentrations in wet season are higher than those in the dry season (except at K05).
Unlike the previous two tributaries, the water sampling sites in the Sindian tributary are actually distributed in three main branches. At S12, the annual mean DIN concentration is 19.7 µM, which is comparable to the background sites of the Dahan and Keelung Rivers. Although S07 and S05 are closely located in another branch, S07 is located in a town and has a DIN concentration of 54.1 µM, which is higher than that of S05 (34.8 µM). EPA1910, EPA1908, S03 and EPA1909 are located in yet another branch in the urban district and have annual mean DIN concentrations ranging from 169 µM to 342 µM. In terms of the tributaries, the trend in annual mean DIN concentration increases moving downstream. Downstream from EPA1910, the annual mean DIN concentrations in the dry season were higher than those in the wet season.
DIN concentrations and watershed characteristics
The overall longitudinal patterns of DIN concentration and population density are shown in Fig. 2a and b, respectively. Both the DIN concentration and population density show an upward trend and surge simultaneously as the boundary between upstream and downstream is crossed. The annual DIN concentrations are clearly strongly correlated with population density, with a Pearson correlation coefficients (ρ) of 0.84. Table 3 shows the Pearson correlation coefficients between the observed mean DIN concentrations and the potential controlling factors including population density, runoff and land use composition. For the entire data set, the DIN concentrations are correlated to building proportion (ρ = 0.80), which is associated with population density and negatively correlated to forest proportion (ρ = −0.74); owing to the competition between forest and building land Figure 3 shows scatter plots of the DIN concentrations and yields against runoff for the upstream and downstream sites, revealing different influences of runoff on upstream/downstream DIN transport. In the upstream (Fig. 3a) , the DIN concentration corresponds to the runoff patterns, indicating a positive concentration-runoff (C-Q) relationship. A change in runoff of four orders of magnitude accompanies a two-orders of magnitude change in DIN concentration; this results in a strong relationship between DIN yield and runoff with R 2 = 0.91 (Fig. 3c) . In the downstream, the C-Q plot is relatively scattered (Fig. 3b ), yet shows a slightly negative relationship. Nevertheless, runoff still controls the DIN transport, as shown in Fig. 3d . Figure 4 further shows the scatter plots of DIN concentrations and yields against runoff for selected upstream and downstream sites in the three tributaries. The C-Q relationships in the upstream (blue crosses in Fig. 4a-c) and downstream (red circles) sites follow the overall patterns shown in Fig. 3a and b. The strong positive correlations between the observed DIN yields and runoff (Fig. 4d-f ) again illustrate that hydrology exerts a strong control on DIN export, particularly for the upstream sites. These relationships can be well depicted by a power function with high coefficients of determination (R 2 > 0.85) for the upstream sites. For the downstream sites, the relationships are not as strong; however, R 2 > 0.5, indicating that runoff is still the dominant influence on DIN export. The cumulative DIN yields for the selected sites are presented in Fig. 4g -l. The daily yields are calculated based on the power function (shown in Fig. 4d-f) calculated by substituting the 2002-2005 daily runoff values into the formula. Note that the cumulative DIN yields of the upstream sites display a stepwise increasing pattern (Fig. 4g-i ) due to typhoon-triggered flooding. Such high runoff events contribute a great deal to the annual DIN export. The cumulative DIN yields of the downstream sites (Fig. 4j-l) reveal a constant rate, although the rate is ∼ 2x greater after mid-2004. The effect of high runoff events can also be observed for the downstream sites ( Fig. 4j-k) underlying the smooth cumulative curves, which might be obscured by different controlling factors.
DIN concentrations/yields and runoff
Spatial distribution of DIN yields
The mean DIN yields of the 20 sites during 2002-2005 are shown in Table 4 . The differences among DIN yields derived from the four methods are small; with the exception of D01 and K02, the coefficients of variation (CV) are less than 30 %, demonstrating that method-associated manipulation is limited in our study. In the Dahan tributary, DIN yields range from 322 kg-N km −2 yr −1 at D13 to 10 094 kg-N km −2 yr −1 at EPA1907. In the Keelung tributary, DIN yields are ∼ 1100 kg-N km −2 yr −1 for the upstream sites and abruptly elevate to > 4291 kg-N km −2 yr −1 from K02 toward the downstream, showing an increasing trend toward the estuary (except EPA1906). In the Sindian River, S12 represents a background DIN yield at 734 kg-N km −2 yr −1 . At S07, a small town in the upstream, a high DIN yield of 2522 kg-N km −2 yr −1 is observed. For the downstream sites, the DIN yields are > 4000 kg-N km −2 yr −1 and reach a maximum of 6510 kg-N km −2 yr −1 at EPA1909. Figure 5 shows the relationships between the annual DIN yields from 2002-2005 at each site and runoff, population density and agricultural proportion. The relationships are individually examined in terms of the Pearson correlation coefficients (ρ) for the upstream and downstream subsets and the whole data set. Fitted lines are drawn only if ρ values are greater than 0.70. Runoff undoubtedly has a strong influence on DIN yields for the three data sets (Fig. 5a ). Population density only exerts control over the whole data set (Fig. 5b) . The DIN yields in the upstream are better correlated to the agricultural proportion (Fig. 5c) . Although agricultural proportions are higher in the downstream, the population density, which masks the effects of agriculture, overwhelmingly controls the DIN yields. Figure 6 shows the overall longitudinal distributions of DO (Fig. 6a ), DIN composition ( Fig. 6b-d ) and DIN concentration ( Fig. 6e-h ) along the Danshui River. The DIN compositions evidently change from upstream to downstream, while the DIN concentration increases downstream-ward. In the Dahan tributary, nitrate dominates in the upstream, and ammonium emerges in the downstream (Table 2) . Nitrite, only accounting for < 5 % of DIN, plays a minor role in DIN composition. DO concentration remains relatively steady until EPA1907, where it drops to 34 µM. In the Keelung tributary, nitrate contributes ∼ 94 % of DIN in the upstream reach. In the middle reach of the Keelung River (K02 and K01), the ammonium in the DIN composition increases by an order of magnitude. In the lowest reach (EPA1905 and 1906), ammonium surges to ∼ 68 % of DIN concentration. Nitrate and nitrite contribute ∼ 29 % and ∼ 3 %, respectively. DO concentration begins to decrease when the river flows by K03. The DO concentration is ∼ 270 µM in the upstream; DO then decreases at a rate of ∼ 3.1 µM km −1 to 30 µM at EPA1906. Like the Dahan and Keelung rivers, the nitrate proportion of the DIN in the Sindian River is less in the downstream than in the upstream, with ammonium becoming the leading species. The DO concentrations also reveal a decreasing trend toward the estuary, with minor variations.
Biogeosciences
Spatial distribution of DIN composition and dissolved oxygen
Generally, DO concentrations are > 200 µM in the upstream and < 120 µM in the downstream. The ρ values between DO and nitrate/ammonium proportion are 0.89/−0.90, respectively (not shown). DIN appears in the form of nitrate in higher DO conditions; in contrast, ammonium appears in lower DO conditions. The relative proportion of nitrite reaches its maximum in the middle reach, where DO concentration remains at a moderate level. Nitrite, which is hardly detected due to its low stability in water, shows little correlation with dissolved oxygen (ρ = −0.27).
Discussion
Controlling factors on DIN export
Because upstream catchments are critical to understand source inputs to downstream river systems, our data set demonstrates the spatial transport behaviour of DIN and the urbanization effect. As mentioned earlier, nitrate concentrations at the upstream sites (population density < 150 cap km −2 ) generally increase with increasing runoff (Fig. 3a,  4a-c) , which is characteristic of a typical diffuse source where nitrate is carried along the flow pathways (Salmon et al., 2001; Kao et al., 2004) . Fertilization from agricultural land uses superimposes the background nitrate from the forest (Table 3) , and runoff controls the overall DIN export (Fig. 3c) . Our upstream cases show that the agri- cultural land use and runoff control the DIN concentration and yield (Fig. 5) , which is consistent with previous studies on some less populated Mediterranean and Black Sea river basins (< 200 cap km −2 ) with basin areas ranging from 68-5526 × 10 3 km 2 . These previous studies also found that DIN yields are generally best correlated with N fertilizer application and runoff (Ludwig et al., 2010) .
As for runoff, tropical cyclones are the main contributor to annual runoff in the entire West Pacific. In the neighbourhood watersheds of this study, four typhoons bringing ∼ 30-50 % of the annual runoff could trigger ∼ 20-70 % of the annual DIN export, dependent on the cultivation level within the watersheds (Lee et al., 2013) . Our stepwise cumulative DIN yields for the upstream sites reveal the influence of typhoons on DIN export (Fig. 4g-l) . (1) the abrupt jump and high DIN cumulative rate correspond well with typhoon events and runoff amount; and (2) the persistent high DIN yield in the wet year reveals sufficient nitrogen supply and/or storage to afford inexhaustible purging. Widespread anthropogenic N deposition (ANN) is one major source in N supply in Oceania (Kao et al., 2004) . Atmospheric deposition (mainly from China, ∼ 2100 to ∼ 3400 kg-N km −2 /year or ∼ 5.8 to ∼ 9.3 kg-N km −2 day −1 ) may explain the high DIN background in this region (Chen et al., 1998; Lin et al., 2000; Fang et al., 2008) . Moreover, the DIN output only accounts for approximately half of the ANN input, which may indicate that N storage in the watershed is accumulating. The estimate of the total N pool in soil at S12 (Owen et al., 2010) is 690 900 kg-N km −2 , approximately 950× the export from the watershed (Table 4 ). This again supports our speculation of sufficient nitrogen supply/storage. In addition to the ANN, farmers usually over-use fertilizer to maintain crop produc- tion and compensate for fertilizer removed by heavy typhoon rainfall in the summer when crops are growing. In the urbanized area downstream, built-in sewer systems are common, and sewage is usually categorized as a point source. Given that the DIN concentration/flux is relatively constant from a point source, higher runoff, on the contrary, dilutes the riverine DIN concentration (Figs. 3b, 4a-c) , unlike the behaviour observed in the upstream. Constant DIN yield rate is conventionally regarded as point source behaviour (Fig. 4j-l) . However, the rate changes from dry to wet year among the downstream sites, implying that the influence of non-point sources cannot be ruled out. In our study, the DIN point sources likely originate primarily from two sources: waste water treatment plants (WWTP) and rain water pumping stations (RWPS). The DIN flux from WWTP is presumed constant at ∼ 1718 µM (∼ 100 % ammonium), with a treatment capacity of 5 × 10 5 m 3 day −1 (Wen et al., 2008) . The water coming from upstream during high flow carries relatively lower DIN concentrations, which may dilute the DIN concentration in the downstream. Nevertheless, the WWTP can only account for < 1 % of daily runoff (the average discharge of the Danshui River is ∼ 200 m 3 s −1 ). In addition, the DIN in the effluents contributes < 1 % of the riverine export, indicating that WWTP is not responsible for the downstream DIN. Further investigations, e.g. the measurement of nitrogen isotopes (δ 15 N), could be implemented to identify the sources of DIN (Ohte et al., 2010) . On the other hand, RWPS was designed to pump out the urban runoff collected by the drainage system within the protecting embankment. The outflow from RWPS depends on the magnitude of rainfall events and is limited to the maximum total capacity of the pumps. Meanwhile, the DIN concentration from RWPS may vary dissimilarly according to the surface runoff pathways, e.g. streets, playgrounds and parks. The urban runoff from roofs with different materials and streets with different traffic intensities, for example, show wide ranges of ammonium and nitrate concentrations from ∼ 5-344 µM and ∼ 2-258 µM, respectively (Gobel et al., 2007) . The service rate of public sanitary sewage in Taipei City is < 75 %. RWPS pumps not only handled urban runoff but also untreated sewage. We therefore suggest that urban runoff is also an important source of DIN to the Danshui River. The estimation of the contribution of RWPS is beyond our scope and requires further investigation. Nevertheless, the constant export at downstream sites implies that the drainage system somehow integrates and modulates different DIN sources from its service area, smoothing the typhoontriggered DIN peaks in Fig. 4j-l . Meanwhile, the rates of DIN yield have simultaneously increased ∼ 2× since mid-2004, the onset of the wet years. This indicates that the DIN supply is sufficient to support such a ∼ 2× export because dense population guarantees abundant supply (Fig. 5b) . The DIN in the downstream is a combination of point and diffuse sources, indicating that both of these are important for the downstream DIN. Although the controlling factors responsible for upstream and downstream DIN export are different, our observations suggest that the watersheds are transport dominated rather than supply limited. In addition, our observed DIN export and preliminary understanding of controlling factors can help advance nitrogen modelling work, e.g. NANI, SPRROW, and NEWS.
Biogeosciences
Implications of DIN yields in the Danshui River
We further use a logarithmic linear regression model to estimate the DIN export of our 20 sites in 2002-2005. As in the global model (Smith et al., 2003 (Smith et al., , 2005 , the application of annual runoff and population density in this model produces the best estimates. Table 5 shows the equations derived from this study and those from the literature. The intercepts and coefficients of the equations shown in Table 5 are all statistically significant, i.e. p-value < 0.01. Using our entire data set to determine the model coefficients, we obtain the following equation: log(DIN yield) = 3.64 + 0.91 × log(runoff) + 0.53 × log(population density). The coefficient for the log(runoff), 0.91 ± 0.28 (95 % confidence interval), is ∼ 20-50 % larger than those in the previous work of Smith. In addition, the coefficient for log(population density), 0.53 ± 0.09, is > 40 % larger. The large differences in the coefficients reveal the regional characteristics. Figure 7 shows the relationships between DIN yields and runoff (Fig. 7a) , population density (Fig. 7b ) and agricultural proportion (Fig. 7c) of the Danshui River and other global rivers for comparison. Based on our equation in Table 5 , at the long-term average runoff of 2.5 m and the current population density of 2697 cap km −2 for the Danshui River, DIN yield is estimated to be ∼ 6 × 10 5 mol-N km −2 yr −1 . This value is almost the highest on the global spectrum. High runoff and population density lead to the high DIN yield. Interestingly, the DIN production rate is much higher than the global model predicts based on the Danshui River runoff and population density. In terms of DIN flux, the Danshui River exports ∼ 23 000 ton-N yr −1 , which is ∼ 2.6× higher than that estimated by Smith et al. (2003) (Table 5 ). Considering the regional differences and watershed scale, Smith (2005) updated their database and constructed watershed area-dependent equations to re-calculate global DIN export by compiling 496 rivers around the world. Nonetheless, our observation is still ∼ 2.3× higher than their updated DIN yield (Table 5) . NEWS (Nutrient Export from Watersheds), another global model developed by Seitzinger et al. (2005) , estimated an average DIN yield for Oceania of ∼ 720 kg-N km −2 yr −1 , which is close to that obtained from relatively pristine upstream catchments in Taiwan (Kao et al., 2004; Lee et al., 2013 and this study); however, it is far lower than that predicted from the overall Danshui River (8689 kg-N km −2 yr −1 ). Mayorga et al. (2010) further reduced the estimation to ∼ 250 kg-N km −2 yr −1 , demonstrating the need for regional observations. These cases highlight the fact that current global models very likely underestimate DIN export from the Oceania rivers. Here, we summarize some basic basin characteristics (watershed area, river length, maximum relief and population density) from 92 selected rivers that together drain ∼ 45 % of Oceania (Fig. 8) (Milliman and Farnsworth, 2013 ). The Danshui River shows the represen- tativeness of rivers in high-standing Oceania islands, as all basins share similar environmental backgrounds. The watershed area of the Danshui River occupies 1.8 × 10 −3 % of the Earth's land surface area, but discharges ∼ 90 × 10 −3 % (∼ 23 000 ton-N yr −1 ) of the annual global DIN export to the ocean (24.8 Tg N, Seitzinger et al., 2005) . This disproportionate DIN yield from small mountainous rivers underscores their importance in global nitrogen cycles and ecological footprints .
Transformation among DIN species
In this study, DIN speciation changes from the headwaters to the estuary (Fig. 6 ). Riverine nitrate is mainly influenced by soil leaching in the upstream. Year-round high temperature results in high rates of organic matter decomposition and nitrification. Moreover, excess rainfall induces farmers to apply much more ammonium sulfate and urea to facilitate crop growth. Ammonium in the leachate is quickly oxidized to nitrite and nitrate (Lee et al., 2013) . In addition, based on the isotopic compositions of δ 15 N and δ 18 O in nitrate, a previous study indicated that the denitrification process is insignificant in upstream mountainous watersheds and even in cultivated watersheds due to rapid infiltration (Peng et al., 2012) . Previous studies also demonstrated that ammonium and nitrite concentrations in the headwater catchments of Taiwan are almost undetectable (Wen et al., 2008; Lee et al., 2013) . Nitrate seems to flow into rivers as it is present in the soil water.
In the downstream, concentrated population and drainage systems facilitate the input of pollutants into the river. Recent research found that particulate organic matter in the downstream estuary consists primarily of phytoplankton consuming ammonium as the major nutrient source (Cheng, 2010; Liu et al., 2013) . Eutrophication has resulted in hypoxia, the depletion of oxygen in the estuarine water column. By applying a mass-balanced trophic model, Ecopath with Ecosim, Lin et al. (2007) suggested that the estuary is a heterotrophic ecosystem. More organic matter is consumed than is produced in the estuary, leading to the depletion of dissolved oxygen and the release of ammonium (from the decomposition of organic matter) into the water. Low dissolved oxygen further impedes the oxidation of ammonium, resulting in ammonium being the dominant DIN species (Fig. 6) .
We further collected DIN speciation data from some global rivers (Meybeck, 1982; Wollast, 1983; Bianchi et al., 1994; Duan et al., 2000; Goolsby and Battaglin, 2001; Zee et al., 2007) and plotted ammonium concentration against nitrate + nitrite concentration in Fig. 9 . It is interesting to note that the Danshui River exports most of the DIN in the form of ammonium, unlike the large rivers that export nitrate as the predominant species. This export is a complex process involving the speciation and dynamics of nitrogen species associated with nitrification rate, denitrification rate, DO, organic matter decomposition, aeration in the air-water interface, and some physical parameters such as stream temperature and turbulence. (Hsiao et al., 2013; Bailey and Ahmadi, 2014) . We speculate that the dominance of ammonium in the estuary of the Danshui River might be attributed to high flow velocity and short residence time. Many other instream processes affect DIN speciation during transportation along the stream; ammonium/nitrate assimilation and nitrate removal (denitrification/anammox) are involved. Oceania is surrounded by stratified oligotrophic water with limited bioavailable nutrients (Jiao et al., 2007; Martha and Kristen, 2012) , again emphasizing the importance of DIN export from Oceania rivers in ecological footprints and global nitrogen cycles.
Conclusions
Human activities enhance nitrogen export from land to ocean, altering global biogeochemical cycles. Oceania has been identified as a hotspot of global DIN export, although much less attention has been paid to the rivers of Oceania, where development is now rapid. This is a pioneer investigation on DIN speciation and distribution on basin-scale networks in the Oceania region with wide ranges of human alteration. The Danshui River holds the highest DIN yields among world rivers and could be a model for the rivers of Oceania. The positive correlation between runoff and DIN yield/flux reveals that hydrology exerts strong control over DIN export, i.e. DIN in our study area is transportdominated. The low yields in the upstream indicate that the forested watershed retains most of the DIN from atmospheric deposition (> 2100 kg-N km −2 yr −1 ), even though typhoons in the summer growing season flush more DIN out of the system. DIN export from low population density areas with agricultural activities should not be ignored given the common behaviour of over-fertilization. The much higher estimated regional DIN production rate compared to most global models highlights the disproportionate DIN yield from Oceania rivers. Unlike global large rivers where the DIN is dominated by nitrate, ammonium is the prevailing DIN species in the Danshui River. This perhaps results from the anaerobic conditions and short river water residence time that impede the removal of ammonium. Further investigation of instream processes is required to fully understand the rivers of Oceania. Our observational data supplement the global river database and serve as a scientific background for better understanding nutrient export from small mountainous watersheds and for promoting stream restoration and nutrient mitigation in Oceania rivers.
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